The rate-limiting enzymes in glycogen metabolism are subject to regulation by reversible phosphorylation. The glycogen-targeted protein phosphatase 1 (PP1) holoenzyme catalyzes their dephosphorylation. It is composed of a catalytic subunit (PP1C) and a glycogen-targeting subunit (G subunit). To date, seven G subunits have been identified. They all contain an RVxF PP1C-binding motif. The interactions between this motif in the skeletal muscle-specific G M and PP1C have been revealed by structural studies. However, whether elements outside of this motif contribute to the interaction with PP1C is not clear. In this study, we found that residues next to the RVxF motif in G M also mediate interactions to PP1C and revealed the mechanism of the interaction by structural studies. Sequence analysis revealed that the PP1C-binding region in G M is highly conserved among G subunits. Consistently, we found that the equivalent region in the liverenriched G L adopts a similar structure upon binding PP1C. Dephosphorylation experiments indicated that this region and the glycogen-binding region in G M cooperate to stimulate PP1C's activity toward glycogenassociated substrates.
Introduction
Glycogen is a branched polymer of glucose and serves as an important energy store. Glycogen metabolism is tightly regulated, and one important regulatory mechanism is the reversible phosphorylation of the rate-limiting enzymes. In the catabolic state, protein kinase A, glycogen synthase kinase 3 and other kinases catalyze the phosphorylation of glycogen synthase on six serine residues, suppressing its activity. In this state, glycogen phosphorylase is also phosphorylated on serine 16 by phosphorylase kinase, which activates it. In the anabolic state, these enzymes are dephosphorylated, leading to the suppression of glycogen degradation and stimulation of glycogen synthesis. The serine/threonine phosphatase protein phosphatase 1 (PP1) catalyzes the dephosphorylation of these enzymes and plays an essential role in regulating glycogen metabolism. It also catalyzes the dephosphorylation of phosphorylase kinase and regulates its activity [1] [2] [3] .
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cell division, cell cycle arrest, metabolism, protein synthesis, actin cytoskeleton reorganization and other processes. The PP1 holoenzyme consists of a catalytic subunit (PP1C) and a regulatory/targeting subunit. PP1C is one of the most conserved proteins in eukaryotes. In the human genome, three genes encode four very similar PP1C isoforms: a, b, c1 and c2. In contrast, to date more than 200 PP1 regulatory/targeting subunits have been identified. The substrate specificity of PP1 is encoded by this large variety of regulatory/ targeting subunits [4] . PP1's function in glycogen metabolism is exerted through a family of glycogentargeting subunits (G subunits). In mammals seven G subunits have been identified, namely G M , G L , G C (also called protein targeting to glycogen, PTG), G D (also called PPP1R6), G E , G F and G G [1, 4] . G M is primarily expressed in striated skeletal muscle, G L is preferentially expressed in the liver, and other G subunits are ubiquitously expressed at variable levels. It has been shown that purified G M , G L and G C regulate PP1C's activity toward glycogen synthase and glycogen phosphorylase [5] [6] [7] . Consistent with a central role in regulating glycogen metabolism, overexpressing G M , G L , G C , G D and G G in a number of cell types increased glycogen synthesis in these cells [8] [9] [10] [11] [12] , and overexpressing G L and G C in the liver increased the glycogen level [13, 14] . In addition, mice with the G M , G L , G C or G G genes knocked out have significantly reduced glycogen level in a number of tissues [12, [14] [15] [16] [17] .
The sequence homology between any two G subunits is less than 50%. In contrast, the interspecies sequence homology of a specific G subunit ranges from 75% to 80%. This indicates that they have highly specific functions. Nevertheless, their N-terminal regions contain two common modules: the RVxF PP1C-binding motif, and a glycogen-binding region [1, 4] . Several G subunits also contain binding sites for substrates. For instance, the G L C-terminal region mediates interaction to glycogen phosphorylase [18] , and the G C C-terminal region contains binding sites for glycogen synthase, glycogen phosphorylase and phosphorylase kinase [19] .
Structural studies of an RVxF-containing peptide derived from G M revealed that it binds to a hydrophobic groove on the PP1C surface [20] . In addition to this groove, a number of protein-binding sites have been identified on the PP1C surface. The PP1 regulatory/targeting subunits use different combinations of these binding sites, resulting in holoenzymes of unique properties [21, 22] . It is not clear if regions outside of the RVxF motif in the G subunits mediate interactions with PP1C. Using a combination of interaction and structural studies, we demonstrated that residues next to the RVxF motif in G M also contribute to the interaction with PP1C. Sequence analysis revealed that the PP1C-binding region in G M is highly conserved among G subunits. Consistently, we found that the equivalent region in G L adopts a similar structure upon binding PP1C. Dephosphorylation experiments indicated that this region alone does not significantly alter PP1C's activity toward glycogen phosphorylase. Instead, it cooperates with the glycogen-binding region to stimulate PP1C's activity toward glycogen-bound substrates.
Results

A highly conserved region in G M interacts with PP1C
G M is the largest G subunit identified. The human G M (referred to as G M hereafter) has a molecular weight of 124 kDa. The homology of G M to other G subunits is limited to its N-terminal 300 residues [referred to as G M (1-300) hereafter] that contain the RVxF motif and the glycogen-binding region (Fig. 1A) . To search for additional PP1C-binding elements that may commonly exist in all G subunits, we compared the affinity of G M (1-300) to the full-length PP1Ca with that of its fragments. Isothermal titration calorimetry (ITC) experiments indicated that it forms a 1 : 1 complex with PP1Ca, with a K d of 0.21 lM (Table 1) . A fragment of it containing residues 1-99 [referred to as G M (1-99) hereafter] interacts with PP1Ca with similar affinity, with a K d of 0.27 µM (Fig. 1B and Table 1) . Therefore, residues 100-300 in G M are unlikely to contribute to PP1C binding.
To understand the structural basis of the interaction, we reconstituted a complex containing the full-length PP1Ca and G M (1-99) and crystallized it. The best crystal diffracted to 2.95 A at the Shanghai Synchrotron Radiation Facility. The crystals belong to space group P4 1 . The structure was determined with molecular replacement using the structure of PP1Ca as the search model. After molecular replacement, strong difference densities appeared near the RVxF-binding groove and neighboring regions in PP1Ca (Fig. 1C) . G M residues were built into the density. The refined structure contains G M residues 61-81, and PP1Ca residues 6-299 (Figs. 1D) , and agrees well with the diffraction data and expected geometric values (Table 2 ). There are four very similar PP1Ca-G M (1-99) complexes in the asymmetric unit. After structural alignment the root mean square deviations (RMSDs) for their Ca atoms are less than 0. 4 A. The structure of PP1Ca in the complex is quite similar to that of PP1C alone [23] [24] [25] [26] [27] [28] [29] . SDS/PAGE analysis of the crystal revealed no obvious degradation of G M (Fig. 1E) , therefore G M residues 1-60 and 82-99 included in the crystalized complex but not observed in the electron density map are most likely disordered. This indicates that G M residues 62-80 that form extensive interactions with PP1Ca in our structure constitute the PP1C-binding region. This region includes the RVxF motif, and is highly conserved among G subunits (Fig. 1F) . Similarly, PP1Ca residues 300-330 that are disordered in the crystal probably do not contribute to binding G M . Consistent with this, our ITC experiments indicated that PP1Ca (7-300) and PP1Ca (1-330) bind to G M (1-99) or G M (1-300) with similar affinities (Table 1 ).
The PP1Ca-G M interface G M residues 62-80 are bound to PP1Ca in an extended manner, burying 2100 A 2 of accessible surface area at the interface. The previously reported structure of PP1Cc1 in complex with an RVxF peptide derived from the mouse G M [20] revealed interactions between mouse G M residues 64-69 and PP1Cc1. In this structure, mouse G M residues 67-69 form a b strand and mediate parallel b sheet interactions with b14 in PP1Cc1, the side chain of its Arg64 forms a salt bridge with that of Asp166 in PP1Cc1, and hydrogen bonds to the main chain carbonyl of Glu287 in PP1Cc1. Importantly, this structure revealed that the side chains of residues 'V' and 'F' in the RVxF motif (V66 and F68 in the mouse G M , respectively) mediate extensive interactions with a hydrophobic groove in PP1Cc1, formed by residues Ile169, Asp242, Leu243, Phe257, Leu289, Cys291 and Phe293. Our structure indicated that the equivalent region in the human G M (residues 62-67) mediates identical interactions ( Fig. 2A) . The interactions mediated by the 'V' and 'F' residues in the RVxF motif were also observed in a number of PP1 complex structures [27, [30] [31] [32] [33] [34] [35] [36] [37] . There are a few noticeable differences between our structure and the previously reported structure. In the previously reported structure the Asp242 side chain in PP1Cc1 forms a hydrogen bond to G M , in our structure the side chain of the equivalent residue (Asp242 in PP1Ca) is poorly defined by the electron density map. In addition, the previously reported structure revealed a water-mediated interaction between the mouse G M and PP1Cc1, but the relatively low resolution of our structure prevented identification of water molecules.
Our structure revealed additional interactions with PP1Ca mediated by G M residues next to the RVxF motif. The side chain of the highly conserved Leu74 mediates hydrophobic interactions with PP1Ca residues Tyr255, Phe257 and Phe293 ( Fig. 2A) . It acts as a 'lid' for the RVxF motif, forming hydrophobic interactions with the 'F' residue in it (Phe66) and the highly conserved Ala67. This 'lid' and the RVxF motif constitute the 'extended RVxF' motif recently identified in a number of PP1C-interacting proteins [27] . Residues between the 'lid' and rest of the motif also interact with PP1Ca. A salt bridge is formed between the side chain of Asp68 and that of Arg261 in PP1Ca. A hydrophobic pocket is formed by side chains of Ala67, Phe70 and Phe72, and interacts with the Met290 side chain in PP1Ca (Fig. 2B ). Residues 75-80 C-terminal to the 'extended RVxF' motif form a b strand and mediate parallel b sheet interactions with b14 in PP1Ca (Fig. 2C) . Amino acid side chains in this region also interact with PP1Ca. Residues Val77 and Lys78 constitute the Φ-Φ motif recently identified in a number of PP1C-interacting proteins [27, 34] . Their side chains form hydrophobic interactions with PP1Ca residue Tyr78, Ile295 and Leu296. The side chain of Val75 interacts with PP1Ca residues Tyr255, Phe293 and Ile295 and that of Phe80 interacts with PP1Ca residues Arg74, Pro270, Leu296 and Pro298 (Fig. 2C) .
To assess the contribution of G M residues in PP1C binding, we introduced amino acid substitutions into G M , and measured the affinity between the substituted G M (1-99) to the full-length PP1Ca by ITC. Substitutions in the 'extended RVxF' motif drastically inhibited the binding. The affinity of the V64A/F66A-substituted G M was too low to be measured, and the L74A substitution caused a 20-fold increase in K d ( Fig. 2D and Table 1 ). Interestingly, although the highly conserved Gly71 (Fig. 1F ) located between the 'lid' of the 'extended RVxF' motif and the rest of the motif does not interact with PP1Ca (Fig. 2B) , the G71A substitution significantly reduced the affinity, causing a 10-fold increase in K d (Fig. 2E and Table 1 ). Substitutions at PP1Ca-interacting residues C-terminal Table 1 ). Introducing the same substitutions into G M (1-300) had similar effects ( Table 1) . The concentration of PP1Ca we used in the ITC experiments range from 7 to 50 lM. Dynamic light scattering experiments indicated that even at the highest concentration we used, 100% of the PP1Ca molecules in solution were monomeric, with an apparent molecular weight 36 kDa. Hence, the results of the ITC experiments are unlikely to be skewed by PP1Ca aggregation.
G L forms similar interactions with PP1Ca
Since G M residues mediating interactions to PP1Ca are highly conserved among G subunits, other G subunits probably interact with PP1C similarly. To test this, we reconstituted a PP1 complex containing PP1Ca (7-300) and the human G L residues 31-105 [referred to as G L (31-105) hereafter] and crystallized it. The crystals belong to space group P3 2 and contain six complexes in the asymmetric unit. After molecular replacement using the PP1Ca structure as the search model, strong difference densities for G L appeared near four PP1Ca molecules in the asymmetric unit ( Fig 3A) . G L residues were built into these densities. Weaker densities were observed at the equivalent positions near the other two PP1Ca molecules. Due to their poor quality, atomic models for them were not built. The final model containing PP1Ca residues 7-299 and G L residues 59-77 (Figs. 3B) was refined to a resolution of 3.32 A, and agrees well with the diffraction data and expected geometric values ( Table 2 ). The structure revealed that G L adopts a similar structure as G M in the PP1Ca-G M (1-99) complex (Fig. 3B) . After structural alignment, the RMSD for related Ca atoms in G M and G L is 1
A. As expected, the interactions between G L and PP1Ca are quite similar to that between G M and PP1Ca (Figs. 3C-E) . The only exception is observed for residue Phe79. The equivalent residue in G M (Phe80) forms extensive interactions with PP1Ca, but in the PP1Ca-G L (31-105) structure it is disordered.
The PP1C-and glycogen-binding regions in G M cooperate to stimulate PP1Ca's activity toward glycogen phosphorylase
We next tested whether the PP1C-interacting region in G M regulates PP1C's activity toward its substrates in glycogen metabolism. Using phosphorylated glycogen phosphorylase as the substrate, we were not able to detect any significant differences in reaction velocity between reactions with and without G M (1-99) . Replacing G M (1-99) with G M (1-300) that contains both the PP1C-and glycogen-interacting regions gave similar results (Fig. 4A ). PP1's substrates in glycogen metabolism are glycogen-associated proteins [3] . To better mimic the in vivo situation, we added glycogen from rabbit liver into the reaction. In these reactions, a strong activation by G M (1-300) was observed, which increased the relative reaction velocity 3.5-fold. However, G M (1-99) still has little effect ( Fig. 4A and Table 3 ). Substrate titration experiment indicated that the reaction velocity is strongly substrate concentration (Fig. 4B) . However, the highest substrate concentration we were able to reach is still far from saturating, making extracting the K m and V max values from these experiments impossible. Strong linear relationships were observed between the reaction velocity and substrate concentration (Fig. 4B) , and between the logarithm of substrate concentration and time ( Fig. 4A and Table 3 ), consistent with Michaelis-Menten kinetics at substrate concentrations well below K m [38] . Commercially available preparations of glycogen vary in particle size and other properties [39] . To further verify the observed activation, we repeated our experiments with glycogen from oyster. In the presence of this glycogen G M (1-300) also strongly stimulated the activity of PP1C, and a 2.1-fold increase in relative reaction velocity is observed ( Fig. 4A and Table 3 ). The difference in the potency between glycogen from rabbit liver and glycogen from oyster is likely caused by differences in their structure. The above observations indicated that G M interactions with PP1C and glycogen cooperate to stimulate PP1's activity toward the glycogen-bound glycogen phosphorylase. To further verify this, we tested the effects of amino acid substitutions that disrupt the PP1C-G M or the G M -glycogen interactions. The V64A/ F66A, G71A and L74A substitutions that strongly inhibited the PP1C-G M interaction strongly inhibited the stimulation. Substitutions V77A/K78A and F80A that significantly reduced the PP1C-G M interaction also have significant effects (Figs. 5A and Table 3 ). These substitutions do not affect the G M -glycogen interaction (Fig. 5B) . Mutagenesis studies in G M have identified a conserved VFV motif for glycogen binding [40] . Substituting the first two residues in this motif (Val148 and Phe153) with alanine in G M (1-300) severely inhibited the G M -glycogen interaction (Fig. 5B) , but had little effects on the PP1C-G M interaction (Table 1) . This substitution also strongly inhibited the stimulation of PP1C's activity by G M (1-300) (Fig. 5A and Table 1 ).
Discussion
The more than 200 PP1-targeting/regulatory subunits differ greatly, but the majority of them contain the RVxF PP1C-binding motif. This motif is also found in a number of PP1 inhibitors and PP1 substrates [4] . Studies on the G subunits have greatly advanced the understanding of the PP1C-RVxF interaction. In fact, the identification of this motif was greatly facilitated by sequence comparison between G M and G L [6, 41] , and the structural basis of its interaction to PP1C was first provided by a complex structure containing PP1C and an RVxF peptide derived from G M [20] . Subsequent studies revealed additional protein-interacting sites on the PP1C surface. It is now clear that PP1C-interacting proteins utilize combinations of these sites, resulting in a complex PP1C-binding code [21, 22] . Prompted by this, we revisited the interaction between G M and PP1C, and revealed additional interactions between PP1C and residues next to the canonical RVxF motif in G M . Interestingly, although Gly71 in G M does not interact with PP1C, we found that the G71A substitution severely reduced the affinity to PP1C. Glycine residues have less restriction in their backbone geometry, and the backbone flexibility introduced by Gly71 in G M probably enables it to adopt the observed structure upon binding PP1C. In our structure the backbone torsion angels of Gly71 are preferred by glycine but not nonglycine residues, although care must be taken that the relatively low resolution precluded accurate assessment of protein backbone geometry. In addition to extending the understanding of the PP1C-G M interaction, our studies also provided insights into the interaction between PP1C and other G subunits. Sequence analysis indicated that the PP1C-binding region in G M is highly conserved among G subunits. Remarkably, residues in the 'extended RVxF' motif are invariant among the G subunits, except for the 'x' residue. Additional residues between the 'lid' of the 'extended RVxF' motif and the rest of the motif are also strictly conserved, including Ala67, Asp68 and Gly71. PP1C-interacting residues C-terminal to the 'extended RVxF' motif are also quite conserved (Fig. 1F) . This suggests that the equivalent regions in other G subunits form similar interactions with PP1C. Consistently, we found that the equivalent region in G L adopts a similar structure upon binding PP1C, and forms similar interactions with PP1C.
Isoform specificity has been reported for a number of PP1C-interacting proteins. It has been reported that G M binds PP1Cb but not PP1Cc1 [42] . The different PP1C isoforms are highly similar (Fig. 6A) . Our structure indicates that PP1Ca residues between 7 and 299 that are not identical among PP1C isoforms are unlikely to participate in binding G M (1-99), as they are not located close to G M (Fig. 6B) . Hence, the interactions we observed are unlikely to contribute to the reported PP1C isoform specificity of G M . The C-terminal region of PP1C (corresponds to residues 299-330 in PP1Ca) is highly variable (Fig. 6A ). In the PP1Cb-myosin phosphatase targeting subunit 1 (MYPT1) complex, part of this region (PP1Cb residues 299-309) interacts with MYPT1. Our experiments indicated that this region in PP1Ca is unlikely to contribute to G M binding. It remains to be seen if this region in PP1Cb forms additional interactions with G M , which might provide an explanation for its isoform specificity.
G M regulates PP1C's activity toward glycogen phosphorylase and other substrates in glycogen metabolism. The G M -binding site we identified is located close to Asp71 in PP1Ca (Fig. 1D ) that likely participates in glycogen phosphorylase binding [43] . However, unlike spinophilin, which blocks this site and inhibits glycogen phosphorylase dephosphorylation by PP1C [32] , our activity assays indicated that PP1C's activity toward glycogen phosphorylase is unlikely to be affected by the PP1C-binding region in G M alone. Instead, our data is consistent with a scaffolding function of G M , whose PP1C-and glycogen-interacting regions cooperate to recruit PP1C to glycogen for efficient dephosphorylation of the glycogen-bound glycogen phosphorylase. Supporting this hypothesis, disrupting either the G M -PP1C or the G M -glycogen interaction inhibited this stimulation. Other substrates of PP1 in glycogen metabolism are also glycogenassociated proteins [3] , and their dephosphorylation by PP1 is probably regulated in a similar manner. Both the PP1C-and the glycogen-interacting regions in G M are conserved in other G subunits, suggesting that they likely regulate PP1C's activity via a similar mechanism. The G subunits very likely have additional mechanisms to regulate PP1C. For instance, the G L C-terminus interacts strongly with phosphorylated glycogen phosphorylase [18] , which probably contributes to the inhibition of PP1's activity toward glycogen synthase by glycogen phosphorylase [44] . It may also play a role in regulating the activity toward glycogen phosphorylase as well, as purified G L inhibits PP1C's activity toward it [6] . The G C C-terminus mediates interactions to glycogen synthase and glycogen phosphorylase. However, unlike G L , this region stimulates the dephosphorylation of glycogen phosphorylase by PP1 [19] . Clearly, additional studies are required for a full understanding of the regulatory mechanism of the G subunits.
Materials and methods
Protein expression and purification
A number of plasmids were constructed to overexpress the recombinant proteins used in this study. The PP1Ca (1-330)-pET26b and PP1Ca (1-330)-pTXB1 plasmids were generated by inserting the mouse PP1Ca gene into vectors pET26b (Novagen/Merck, Darmstadt, Germany) and pTXB1 (New England Biolabs, Ipswich, MA, USA), respectively. Gene fragments corresponding to the mouse PP1Ca residues 7-300, the human G M residues 1-99 and the human G L residues 31-105 were inserted into vector pTXB1, resulting in plasmids PP1Ca (7-300)-pTXB1, G M (1-99)-pTXB1 and G L (31-105)-pTXB1. The G M (1-300)-pET28a plasmid was generated by inserting the gene fragment corresponding to the human G M residues 1-300 into pET28a (Novagen). Mutations were generated with the QuikChange kit (Agilent, Santa Clara, CA, USA) and verified by DNA sequencing.
To reconstitute the PP1Ca-G M (1-99) complex, we cotransformed the PP1Ca (1-330)-pET26b plasmid and the G M (1-99)-pTXB1 plasmid with a C82S substitution into E. coli BL21 (DE3) Rosetta cells (Novagen). The C82S substitution was introduced to prevent disulfide bond formation during protein expression and purification. It did not affect the PP1Ca-G M interaction ( Table 1 ). The cells were cultured in LB media supplemented with appropriate antibiotics at 37°C till the optical density at 600 nm reaches 0.6. They were then induced with 0.1 mM Isopropyl b-D-1-thiogalactopyranoside (IPTG, Bio Basic, Toronto, Canada) at 15°C for 16 h. Collected cells were lysed in a buffer containing 20 mM Tris-HCl (pH 7.5)and 300 mM NaCl with an AH-2010 homogenizer (ATS nano technology, Suzhou, Shanghai, China), and the lysate was cleared by centrifugation at 15 000 g for 30 minutes. The PP1Ca-G M (1-99) complex was purified by chitin (New England Biolabs) and gel filtration (Sephacryl S100 HR, GE Healthcare, Chicago, IL, USA) columns. Purified complex was concentrated to 8 mgÁmL À1 in a buffer containing were purified by chitin and gel filtration (Sephacryl S100 HR) columns. After the gel filtration column, G L (31-105) in a solution containing 20 mM Tris-HCl (pH 8.0), 500 mM NaCl and 2 mM dithiothreitol (DTT) was incubated at 90°C for 15 minutes to precipitate contaminating proteins. Purified PP1Ca (7-300) and G L (31-105) were mixed in a 1 : 3 molar ratio in a buffer containing 20 mM Tris-HCl (pH 8.0), 500 mM NaCl and 2 mM DTT, concentrated to 10 mgÁmL
À1
, flash frozen in liquid nitrogen and stored at À80°C.
PP1Ca (1-330), PP1Ca (7-300) and G M (1-99) were expressed in BL21 (DE3) CodonPlus-RIL cells with the PP1Ca (1-330)-pTXB1, PP1Ca (7-300)-pTXB1 and G M (1-99)-pTXB1 plasmids, respectively. They were purified following the same protocols for PP1C (7-300) and G L (31-105), respectively. G M (1-300) was expressed with the G M (1-300)-pET28a plasmid in BL21 (DE3) CodonPlus-RIL cells, and purified by nickel-nitrilotriacetic acid (Qiagen, Hilden, Germany) and gel filtration (Superdex 200 increase, GE Healthcare) columns. The purification for the substituted proteins followed the same protocol for the wildtype ones.
Crystallization and structure determination
Rod-shaped crystals for the PP1Ca-G M (1-99) complex were obtained with the sitting drop vapor diffusion method at 4°C. The reservoir solution contains 0.2 M lithium citrate (pH 8.0), 11% poly(ethylene glycol) 3350 and 4.5% benzamidine hydrochloride hydrate. Rod-shaped crystals for the PP1Ca-G L (31-105) complex were obtained with the same method, and the reservoir solution contains 0.1M Na/K phosphate (pH 6.6) and 26% 2-Methyl-2,4-Pentanediol. For diffraction data collection, the crystals were equilibrated in the reservoir solution supplemented with 25% ethylene glycol, flash cooled and stored in liquid nitrogen.
Diffraction data for crystals of the PP1Ca-G M (1-99) and PP1Ca-G L (31-105) complexes were collected at Shanghai Synchrotron Radiation Facility beamlines 17U1 and 19U1, respectively, at 100K. The data were indexed and scaled with HKL2000 [45] . The crystals of the PP1Ca-G M (1-99) complex belong to space group P4 1 and contain four complexes in the asymmetric unit. These of the PP1Ca-G L (31-105) complex belong to space group P3 2 and contain six complexes in the asymmetric unit. Both structures were determined with molecular replacement with MOLREP [46] , using the structure of the human PP1Ca as a search model (PDB 4MP0).
Careful inspection of the diffraction data for the PP1C-G M (1-99) complex revealed a lattice-translocation disorder (LTD) [47] . The diffractions spots showed periodic sharp and diffuse features. The layer-averaged intensity along the l axis shows strong modulation, and the intensity between adjacent layers differ as much as 4-fold. In the native Patterson map, two strong nonorigin peaks appeared at positions (0.5, 0.5, 0.34) and (0, 0, 0.32), respectively. Their heights were 66.7% and 23.5% of the peak at origin, respectively. The first peak corresponding to a noncrystallographic translational symmetry exists in the crystal, but the second peak cannot be explained by crystallographic or noncrystallographic symmetries. This indicates that there are multiple sets of lattices in the crystal, related by a (0, 0, 0.32) translocation. The diffraction data was initially corrected for LTD using a method described by Hare et al. [48] , which assumes that there is one contaminating lattice and its fraction in the crystal is j. The value of j is systematically tested, and the one that eliminates the peak in the Patterson map due to LTD is used to correct the diffraction data. Using this method, we found that j=0.195 for our diffraction data. Using the corrected data to calculate electron density maps, strong difference density for G M was observed (Fig. 1C) , which allowed building of G M residues 61-81 with COOT [49] . The structure of this complex was refined with PHENIX [50] . During the refinement, LTD was corrected with the demodulation of intensities by grouping and scaling method [51] , in which the refined model assists the correction of the diffraction data.
After molecular replacement, electron densities were observed for four G L molecules in the asymmetric unit of the PP1Ca-G L (31-105) crystal. G L residues 59-77 were built into these densities with COOT. Inspection of the diffraction data indicated that the crystals are twinned. Twinned refinement was carried out with REFMAC [52] .
Isothermal titration calorimetry
All proteins were exchanged into a buffer containing 20 mM Tris-HCl (pH 8.0), 500 mM NaCl and 0.5 mM TCEP prior to ITC experiments. Measurements were performed on an ITC 200 instrument (MicroCal/Malvern, Malvern, UK) at 25°C. Wild-type and substituted G M (1-99) and G M (1-300) at concentrations between 0.1 mM and 0.5 mM were injected into a 200 lL cell containing PP1Ca (1-330) or PP1Ca (7-300) at concentrations between 7 lM and 50 lM. About 2 lL was injected each time. Data were analyzed with ORIGIN 7.0 (Originlab, Northampton, MA, USA).
Dynamic light scattering
Dynamic light scattering experiments were performed on a DynaPro Titan instrument (Wyatt Technologies, Santa Barbara, CA, USA) at 25°C. PP1Ca (1-330) was measured at a concentration of 50 lM, in a buffer containing 20 mM Tris pH 8.0, 500 mM NaCl and 0.5 mM TCEP. Data were analyzed with the DYNAMICS V6 software (Wyatt Technologies).
Glycogen phosphorylase dephosphorylation
The reaction mixture contains 20 mM Tris-HCl (pH 8.0), 500 mM NaCl, 0.1 mM EGTA, 0.1% b-mercaptoethanol, 0.13 lM PP1Ca (1-330) , 0.67 lM G M (1-99) or G M (1-300). Unless otherwise indicated, 7.3 lM phosphorylated rabbit muscle glycogen phosphorylase (Sigma-Aldrich, St. Louis, MO, USA) was added as substrate. For reactions with glycogen, glycogen from rabbit liver (Sigma-Aldrich) or oyster (Sigma-Aldrich) was added to a final concentration of 6.7 mgÁmL À1 . For control experiments, G M and G M (1-300) were replaced by ubiquitin and bovine serum albumin (BSA), respectively. The reactions were performed at 30°C, and were terminated by boiling in SDS/ PAGE loading buffer at the time indicated. Phosphorylated and dephosphorylated glycogen phosphorylase were resolved with 8% Phos-Tag (APEXBIO Technology, Houston, TX, USA) acrylamide gel electrophoresis, and stained with Coomassie blue. For quantification, the gels were scanned, and band intensities were extracted with ImageJ (https://imagej.nih.gov/ij/). Three independent experiments were performed.
Glycogen pull-down
To prepare glycogen-bound concanavalin A (conA) agarose beads, 60 lL of conA-agarose beads (Sigma-Aldrich) was washed in a buffer containing 67 mM Hepes (pH 7.5), 0.2 mM CaCl 2 , 10 mM MgCl 2 , 1 mM MnCl 2 and incubated with 30 mg glycogen from oyster at 4°C for 1 h with gentle rotation. The beads were then washed three times with the same buffer and incubated with 50 lg of wild-type or substituted G M (1-300) at 4°C for 1 h. After another three repeats of washing, the beads were boiled in SDS/PAGE loading buffer, and the bound proteins were resolved by 15% SDS/PAGE. For quantification, the gels were scanned, and band intensities were extracted with ImageJ. Three independent experiments were performed.
